Abstract: The buoyancy suppression by low energy sonication (LES) treatment (0.8W·mL-1, 20kHz,10s) has recently been proposed as an initial harvesting step for Arthrospira sp. This paper aims to describe the structural changes in Arthrospira sp. after LES treatment and to present how these structural changes affect the results obtained by different analytical techniques. Transmission electron microscopy (TEM) micrographs of trichomes evidenced the gas vesicles rupture but also revealed a rearrangement of thylakoids and more visible phycobilisomes were observed. Differences between treated and untreated samples were detected by confocal microscopy, flow cytometry and optical microscopy but not by electrical impedance spectroscopy (EIS). After LES treatment, 2-fold increase in autofluorescence at 610/660nm was measured (phycocyanin/allophycocyanin emission wavelengths) and a ten-fold decrease in side scatter light intensity (due to a reduction of trichome's inner complexity). This was further confirmed by optical microscopy showing changes on trichomes appearance (from wrinkled to smooth). The buoyancy suppression by low energy sonication (LES) treatment (0.8W·mL -1
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INTRODUCTION 21
Microalgae production for nutritional applications has increased by 5-fold since the 22 beginning of the 21st century (Ismail, 2010) . Besides the increase of dried 23 microalgae powder consumption, many industries have shown a growing interest in 24 microalgae-based high-value molecules like pigments, fatty acids and anti-oxidants 25 among others (Borowitzka, 2013; Vigani et al., 2015) . Even more promising is the 26 potential worldwide market of microalgae-derived biofuels (Mata et al., 2010) , a 27 technology which still needs some improvement. However, the need of processing 28 large volumes of broth containing very low cell densities (Belay, 2013 ) is a barrier 29 for the economic viability of such processes. It has been estimated (Grima et al., 30 2003) that between 20 to 50% of the total cost of microalgae production can be 31 attributed to biomass harvesting and dewatering. 32
33
Microalgae harvesting efficiency is strongly linked to microalgae properties 34 (basically cell surface charge, cell size and density) and consequently there is not 35 a universal harvesting method for microalgae. While large cells can be harvested 36 by filtration methods, sedimentation and centrifugation are normally adequate for 37 cells with higher density than the culture media. Moreover, the use of flocculants 38 (either by themselves or as part of air flotation t) facilitates microalgae harvesting of 39 those species with densities more similar to the culture broth either by air flotation 40 or sedimentation . In other cases, this approach might be 41 inefficient due to the presence of gas vesicles inside the cells (Walsby, 1972 and 42
Pfeifer, 2012) and/or the production of an exopolymer, as occurs in Arthrospira sp. 43 cultures and in other cyanobacteria strains. Gas vesicles provide buoyancy 44 whereas exopolymers can clog up filtration membranes quite fast and also can 45 neutralize cell surface charges making ineffective the use of ionic flocculants. 46
47
One of the most important parameters used when comparing harvesting methods 48 is the energy deposition. As a summary, Table I compiles different methods for 49 microalgae harvesting and their estimated energy deposition. To address the high 50 energy deposition required to harvest Arthrospira sp., we have recently described 51 the use of a low energy sonication treatment that suppresses its buoyancy. This 52 method preserves the cell integrity and viability (Lecina et al., 2015) and allows the 53 use of sedimentation methods as a dewatering step. 54 55 Different applications of ultrasound treatments to microalgae cultures can be found 56 in the literature as shown in Table II . Ultrasound treatment has been used to 57 control blooms of toxic species (mainly Microcystis aeruginosa) in water reservoirs 58 (Rajasekhar et al., 2012) , as well as in cell disruption processes for the extraction 59 of intracellular products (dos Santos et al., 2015) . These treatments aim to either 60 disrupt the cell or to suppress cell viability through the application of ultrasound 61 with a frequency in the kHz range. Under such conditions the mechanism acting is 62 Table I The Arthrospira sp. strain PCC8005 was used in this work. Cells were kept in an 99 incubator with 1% CO 2 atmosphere and 95% of humidity (Forma scientific). Culture 100 conditions were kept as follows: shaking rate of 100 rpm, a temperature of 35ºC 
Optical density 126
A bench spectrophotometer (Philips PU8620, Netherlands) was used to determine 127 the optical density of samples. When needed, appropriate sample dilutions were 128 performed to ensure that absorbance values were between of 0.1-0.9 AU at 530 129 nm (OD530). 130 131
Microscopy imaging 132
Live samples were mounted on Mat-Teck culture dishes (Mat Teck Corp., 133
Massachusetts, United States) prior to their observation using a confocal spectral 134 Fluoview1000 (Olympus, Tokyo, Japan) with a 60x (1.35 NA oil immersion) 135
Universal Plan Apochromat Lens (UPlanApo) objective. Differential interference 136 contrast (DIC) was visualized using the 488 nm excitation argon laser. 137
Autofluorescence from photosynthetic pigments was excited using the orange 138 diode 559 nm (570-630 nm emission collected). 139
140
For measurements of emission spectra, a wavelength λ-scan function of the 141 confocal microscopy was used. Images were acquired with the same objective. 142
Photosynthetic pigments were excited with a 488 mm line of an Argon laser. 
Transmission Electron Microscopy (TEM) 233
Treated and non-treated samples were analyzed by transmission electron 234 microscopy (TEM) in order to elucidate the changes in the cyanobacteria inner 235 structure. No differences were observed either in the cell wall or in the cross walls 236 and also the trichomes' size was comparable in both treated (T) and non-treated 237 samples (NT). This confirmed the integrity of the cells after the low energy 238 sonication treatment as suggested by our cell growth studies previously published 239 (Lecina et al., 2015) . 240 241 Three significant differences could be observed from the TEM micrographs 242 between treated and non-treated samples. The first one concerns the morphology 243 of the gas vesicles. In cyanobacteria (i.e. Arthrospira), gas vesicles are hollow 244 cylindrical gas-filled structures of between 340 to 750 nm in length and 60 to 110 245 nm in width and they are responsible for providing buoyancy (Walsby, 1972 , 246
Pfeifer, 2012). In our case, their length and width can be clearly seen in the 247 images, corresponding to the blackish longitudinal and circular sections within the 248 trichomes in the orthogonal cuts of untreated cells (A, B and C), whereas only 249 vesicles thin threads could be seen in treated cells (D, E and F). Longitudinal 250 straight thylakoids and abundant gas vesicles can be observed into intrathylakoidal 251 spaces in non-treated samples (B), while only curled bundles of thylakoidal 252 membranes without gas vesicles can be seen in treated samples (E). 253
As recently reported (Dehghani, M. H. 2016 and cites therein) , the rupture of the 254 gas vesicles is the cause of the loss of buoyancy of the treated cells. The second 255 main difference was found in the arrangement of thylakoids within cells. In non-256 treated samples the gas vesicles are located into the cytoplasm between straight-257 shaped thylakoids, which changed to curled shaped around the location where gas 258 vesicles were previously to the ultrasound treatment. Thirdly, phycobilisomes can 259 be more clearly observed in the low energy sonication treated trichomes (G) 260 compared to those trichomes from the control samples. 261 262
Confocal Microscopy 263
As the thylakoid membrane is the site of the light-dependent reactions of 264 photosynthesis, confocal microscopy was used to assess if the large differences in 265 thylakoid arrangement between treated and non-treated samples had any effect on 266 the photosynthetic pigments fluorescence (Figure 1) . 267
268
The treated aliquot showed that the photosynthetic system of cyanobacteria was 21% and a PC (Phycocyanin) absorbance decrease about 45% while cell 296 concentration was only reduced by 10% in M. aeruginosa (Zhang et al., 2006) . 297 Similar effects were found when high frequency ultrasound treatment (1.7 MHz, 0.6 298 W/cm 2 for 5 minutes, energy deposition not quantifiable) was applied to Arthrospira 299 platensis (Tang et al., 2003) . 300
301
In the experimental conditions analyzed, since neither cell lysis nor cell disruption 302 were observed in TEM micrographs (Figure S1 ), the fluorescence increase 303 measured after low energy sonication treatment did not match any of the 304 explanations presented above. Our hypothesis is related to thylakoids 305 rearrangement that could lead to an effective increase of pigments fluorescence 306 due to changes in the efficiency of photosystems. When both photosystems (I and 307 II) are decoupled, part of the energy that the photosystem II transfers to the 308 photosystem I through different photosynthetic pigments could emitted as 309 fluorescence (Ector et al, 2012 ). Inman (Inman, 2004) showed that an ultrasound 310 treatment resulted in a small but statistically significant reduction in chlorophyll a 311 concentration, what would also explain the fluorescence increase observed in 312 present study. 313
314
Finally, is worth mentioning that the emitted fluorescence of the photosynthetic 315 pigments occurred in the red light spectra emission wavelengths which has usually 316 been associated to healthy cells (Tashyreva et al., 2013) . This is consistent with 317 the high cell viability observed after low energy sonication treatment. 318 319
Optical light microscopy and flow cytometry analysis 320
Changes on cell morphology were also assessed by optical light microscopy. Non-321 treated cultures presented an internal roughness appearance, probably due to the 322 gas vesicles being in the path of the light transmission. Treated cultures presented 323 a smoother appearance since gas vesicles were suppressed. regardless the presence of gas vesicles (Bragos et al.,1999) . Biomass density 387 estimation through electrical impedance measurement is based on the fact that low 388 frequency electrical current cannot cross the cell membrane while high frequency 389 current can. If the viable cell density would change after sonication (i.e. membrane 390 breakage or cell lysis), the ratio between low and high frequency impedance, and 391 the associated phase angle at high frequency would also change (Soley et al., 392
2005). 393 394
From the data obtained, it could be seen that cyanobacteria were not damaged 395 after treatment, thus the measurement of electrical impedance spectroscopy 396 responded in a similar way to viable cell concentration. Because of the low 397 accuracy at low cell densities, the use of cell density estimator had to be limited to 398 cell densities higher than 1g·L -1 . Although there is a difference between treated 399 and non-treated samples in R 0 , this parameter is also quite sensitive to medium 400 conductivity and temperature being rather not suitable for gas vesicle density 401 estimation in industrial measurements. 
SUPPLEMENTARY DATA 416
The following Supplementary data associated with this article can be found, in the 417 online version: TEM images ( Figure S1 ), Confocal microscopy images ( Figure S2 ) 418 and Optical light microscopy images ( Figure S3) . 
